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Abstract: There has been great progress in the last decade in the synthesis of nanopowders with highly 
controled size and size distribution. Meanwhile, the development of an unconventional pressureless 
two-step sintering strategy enabling densification without grain growth provides a novel technology 
suitable for commercial production of nanograin ceramics. The particular interest concerning bulk 
dense nanograin ceramics is the manifestation of feroelectricity, which remains a fundamental issue 
to be understood and exploited. Combining the best powder synthesis and optimized two-step 
sintering, high-density barium titanate (BT) and related nanograin ceramics have been fabricated to 
alow for a detailed determination of the size efect on nanometer-scale feroelectricity and 
piezoelectricity of fundamental and industrial interest. These include dense ceramics of undoped BT 
with an average grain size down to 5 nm, and of (1x)BiScO3xPbTiO3 (BSPT) solid solutions with 
an average grain size down to 10 nm. Here we review the fabrication methods of high-density BT and 
BSPT nanoceramics and the major findings of the size efect on their microstructure, phase transition 
and electrical properties. Robust ferroelectricity is demonstrated for the first time in 5 nm BT 
nanoceramics, while strong local piezoelectricity is present in 10 nm BSPT nanoceramics.   
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1  Introduction 
Barium titanate (BaTiO3, BT) of the perovskite ABO3 
type has played an important part in the modern 
ceramic industry because of its advantageous 
ferroelectric, piezoelectric and dielectric properties, 
finding applications in multilayer ceramic capacitors, 
printed circuit boards, random access memory, positive 
temperature coeficient of resistance thermistors, 
piezoelectric sensors, and actuators [14]. Since the 
1970s, polycrystaline multilayer ceramic capacitors 
(MLCCs) made of feroelectric BT have been 
deployed for ever-expanding applications, aided in 
recent years by incorporating nickel (Ni, a so-caled 
base metal) electrode made feasible by low 
temperature firing. Driven by the demand of ever 
smaler sizes, higher performance and lower 
component costs in electronic industry, the evolution 
of MLCCs with base metal inter-electrodes (BME) and 
thinner dielectric layers is continuing [57]. MLCCs 
capable of 1013 F to 104 F are used in products from 
 
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computers to automobiles. Currently, 1013 new pieces 
of MLCCs enter the market every year. As their layer 
thickness decreases below 1 m and the atendant 
ceramic grain size (GS) shrinks below 100 nm, MLCC 
represents the most significant nanograin ceramics in 
use today. This prospect is expected to continue in the 
next decade. 
The driving force toward nanograin MLCC ceramics 
has come from not only component miniaturization but 
also performance. However, it is wel known that once 
the grain size is decreased below 1 m, a rapid 
decrease of dielectric constant (K) is common. This 
drop may pose a limitation to the miniaturization of 
MLCCs since miniaturization of MLCCs usualy goes 
hand in hand with grain size reduction. Typicaly, the 
dielectric layer has to comprise of at least 5–7 grains 
across the thickness, for reasons of layer flatness, high 
reliability and uniform properties. It folows that in a 
layer of 0.5–0.7 m thick, the grain size must be 
maintained below 100 nm. Consequently, it is of great 
practical interest to prepare dense nanograin BT and 
other related ceramics and to investigate their dielectric, 
ferroelectric and piezoelectric characteristics: the 
findings should provide important directions for the 
design of next generation MLCCs. 
Grain size has a profound influence on the crystal 
structure and properties of BT ceramics [810]. 
Coarse-grain BT ceramics undergo several phase 
transitions as a function of temperature. Starting from a 
low temperature at about 75 ℃, BT begins to 
transform, from a rhombohedral (R) to an 
orthorhombic (O) structure, then to a tetragonal (T) 
phase at about 5 ℃, and finaly to a cubic (C) phase at 
around 130 ℃ [11]. The CT phase transition is a 
ferroelectric transition; therefore, it also drives the 
formation of polydomain subgrains or domains, which 
minimize electrostatic and elastic energies in the polar, 
non-isometric state. It has been generaly speculated 
that there is a critical grain size below which 
ferroelectricity—embodied by the ferroelectric T to C 
distortion—is lost. Structural studies on BT ceramics 
by Frey and Payne [9], however, indicated the 
retention of a long-range coperative driving force for 
the distortion at a grain size wel below 100 nm. Other 
estimates have placed the critical size in the range of 
10–30 nm for BT ceramics [12]. On the other hand, 
recent studies [1214] on dielectric properties have 
shown that there is a “dilution efect”, caused by the 
presence of a lower permitivity (nonferroelectric) 
dead layer along the grain boundary, which can 
considerably lower the permitivity in submicron and 
nanocrystaline BT ceramics and thin films. The dead 
layer is not necessarily a second phase; it could be 
accounted by a crystaline BT layer with a more 
disordered/defective structure or a ferroelectric layer 
that is non-switchable because of polarization 
clamping by surface or grain boundary. The later 
could be due to mechanical origin or electrical origin: 
in this scenario, ferroelectric perovskite has a 
correlation length of about 1–3 nm, which is the scale 
within which the polarization is clamped by the 
dielectric boundary, thus providing an estimate of the 
dead layer thickness. Whether this picture is entirely 
correct or not is currently not known. Experimentaly, 
though, Buscaglia et al. [15] already reported a dense 
(spark plasma sintered) 30 nm (GS) BT ceramic which 
has a high dielectric constant but a frozen macroscopic 
polarization suggesting a strong clamping but litle 
dilution efect.  
Obviously, whether nanograin BT can provide an 
elevated K itself is an important practical issue which 
has been repeatedly questioned in the literature. In the 
coarse-grain regime, K has a wel-known maximum at 
GS  1 m [9], below which K decreases. In our 2006 
work on a dense BT ceramic fabricated by two-step 
sintering method, we found microscopy evidence of 
ferroelectric polydomain state in samples with an 
average grain size as smal as 8 nm [16]. We also 
found it to display a robust K–temperature (T) 
performance, with a very low dielectric loss and a clear 
evidence of multiple dielectric/ferroelectric transitions. 
This implies that a ceramic capacitor with a layer 
thickness of 40–50 nm (containing 5–7 grains of 8 nm 
sized) is stil viable. To predict the critical grain size, a 
phenomenological thermodynamic theory with an 
additional consideration of stress efects caused by 
surface bond contraction was proposed by Sun et al. 
[17]. It predicts changing trends in phase transitions 
and the critical grain size for the disappearance of the 
ferroelectric  phases,  including  two  opposite  
relationships between the grain size and (two kinds of) 
stresses. The size that leads to the disappearance of 
ferroelectric phases at room temperature is found at 
about 5.2 nm. When the grain is less than 2.5 nm, the 
ferroelectric phases are fuly absent over the entire 
temperature region. Most recently, to determine 
whether it is feasible to fabricate sub-5 nm ceramics, 
we fabricated ultrafine BT nanocrystaline powders of 
3–5 nm using a one-step solvothermal method [18], 
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and then obtained, by two-step sintering, dense BT 
ceramics with a grain size of 5 nm, which set the 
record for the finest dense bulk nanograin material. 
This is reassuring for the MLCC industry and augurs 
wel for the status-quo MLCC fabrication method 
(with tape-casting of green layers, screen printing of 
electrodes and co-firing of BaTiO3/electrode stacks of 
hundreds of layers): with incremental changes and 
advances, they may continue for the foreseeable future. 
On the piezoelectric side, (1x)BiScO3xPbTiO3 
(BSPT) is a solid solution which was first investigated 
by Eitel et al. [19] in 2001 as a member of a new 
family of high-temperature piezoelectric ceramics. 
They investigated a series of complex perovskites with 
the general formula Bi(Me3+)O3–PbTiO3 (Me3+ = Sc3+, 
Fe3+, In3+, Yb3+, etc.) that have a large deviation from 
unity for the tolerance factor t of Goldschmidt [20]. 
Among these solid solutions, BSPT is the only one that 
has a tolerance factor (t = 0.907) less than that of 
Pb(Zr,Ti)O3 (PZT, t = 0.96) and stil maintains a stable 
perovskite structure under atmospheric conditions. It 
exhibits a high TC of 450 ℃ at compositions near the 
morphotropic phase boundary (MPB) and has 
outstanding piezoelectric properties (electromechanical 
coupling factor Kp = 0.57, piezoelectric constant d33 = 
450 pC/N). Extensive studies have since been caried 
out on BSPT ceramics [19,21–31], single crystals 
[32–36] and thin films [37–43], confirming their high 
Curie temperature, excelent ferroelectric/piezoelectric 
properties and robust thermal stability. For example, in 
our previous study on BSPT ceramics [25], we 
obtained the best piezoelectric properties at x = 0.635 
(near the MPB): d33 = 700 pC/N and Kp = 0.632, with a 
Curie temperature of 446 ℃, al higher than those of 
PZT. Because of these excelent properties, BSPT is a 
promising candidate material for high-temperature 
sensors and actuators. On the other hand, 
investigations of the grain size effect on piezoelectric 
ceramics [44] are stil few and there is no consistent 
conclusion on this subject for nanograin BSPT 
ceramics. Using two-step sintering, we have fabricated 
dense BSPT ceramics with average grain size from 
1 m down to about 10 nm. These ceramics thus 
provide an opportunity for studying the grain size 
effect on BSPT ceramics.  
In the folowing, we wil provide an overview of the 
methods for fabricating dense BT and BSPT nanograin 
ceramics and the investigation of the grain size effect 
on their microstructures, phase transition and dielectric, 
piezoelectric and ferroelectric properties. The 
existence of the ferroelectric phase in these ceramics at 
room temperature wil be probed by the hysteresis 
loops of polarization reversal, as is the coresponding 
local ferroelectric switching hysteresis being recorded 
by piezoresponse force microscopy. These results 
provide the first experimental evidence for 
ferroelectricity and piezoelectricity in bulk dense 
below-10 nm BT and BSPT ceramics with their 
respective high Curie temperatures. 
2   Preparation of nanograin ceramics by 
two-step sintering 
2. 1   BaTiO3  
Nanopowders of BT with wel-defined crystalinity, 
high purity and a narrow particle size distribution are 
generaly required for manufacturing nanograin 
ceramics. Low crystalinity is itself a problem 
emanating from the size efect, but hydroxyl ion 
incorporation from the air is another reason for low 
crystalinity. The development of new methods to 
synthesize monodispersed BT nanocrystals wil  
facilitate the studies of the size efect. Hydrothermal 
synthesis of ceramic powders with wel-controled 
parameters (concentration, pH and temperature) has 
been widely reported, especialy for low-temperature 
preparation of relatively single-phase products [45,46]. 
This method has been used to prepare highly dispersed 
BT powders with a particle size smaler than several 
tens of nanometers. However, aqueous hydrothermal 
systems mostly produce cubic BT phase powders; to 
obtain the tetragonal phase capable of feroelectricity 
annealing at high temperature is necessary, but with it 
crystalite size growth and powder aggregation are 
inevitable. Thus, non-aqueous reaction approaches 
may have considerable advantages in controling 
crystalization and particle growth. Monodispersed BT 
nanocrystals with the tetragonal structure have been 
synthesized using a one-step solvothermal method in 
our laboratory [18]. They have an average size of about 
3–5 nm with a narrow distribution, with a 
high-resolution transmission electron microscopy 
(HRTEM) image ilustrated in the inset of Fig. 1(a), 
which indicates wel-crystalized nanoparticles. A 
latice tetragonality (c/a ratio) of 1.0069 can also be 
discerned from the TEM micrograph in Fig. 1(a) for 
5 nm particles. The particle size distribution with an 
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average size of 5 nm is shown in Fig. 1(b). 
Two-step sintering (TSS) was invented to alow 
fabricating dense nanograin ceramics Y2O3 (a highly 
refractory oxide with a melting point of 2600 ℃) 
without pressure [47]. It has since been proved to be a 
highly eficient method to prepare other kinds of dense 
nanograin bulk ceramics, including both oxides and 
nonoxides [4853]. In this method, the ceramic is first 
fired at a higher temperature T1 to reach a critical 
density (typicaly 75% so that the average pore is 
relatively smal compared to the grains, thus acquiring 
capilary driving force to spontaneously sinter and not 
to coarsen). Subsequently, the temperature is lowered 
to T2 to alow further densification al the way to ful 
density. The remarkable feature of this procedure is 
that there is no grain growth during the second step 
densification apparently because the four-grain junctions 
are “frozen” thus resisting grain boundary migration 
even though grain boundary difusion stil proceeds. 
This is rather unique and completely unlike the case in 
normal sintering in which final stage densification is 
always accompanied by rapid grain growth. This 
method was initialy applied to Y2O3, which we sintered 
to ful density at 1000 ℃ without doping, or at 800 ℃ 
with 1 cation% Mg doping [47,54]. It was also 
successfuly used to sinter undoped BT ceramics (fuly 
dense at as low as 750 ℃) [51]. The dramatic contrast 
of the microstructure development of BT ceramics in 
normal sintering and in TSS can be seen in Fig. 2, 
where several grain size–density trajectories are 
depicted. It is clear that grain growth during the second-  
step sintering (T2 < T1) was completely suppressed. 
Dense (99.6% of theoretical density) BT ceramics 
around 8 nm were also obtained by us using TSS 
[16,55]. Figure 3(a) shows its microstructure under 
TEM. The grain size is very uniform with a narrow 
distribution. The inset of Fig. 3(a) is a high-resolution  
 
(a) 8 nm TEM (inset HRTEM) 
 
(b) 5 nm TEM 
 
(c) 5 nm AC-HRTEM 
Fig. 3   TEM and HRTEM images of BT ceramics with 
grain sizes of 8 nm and 5 nm. 
         (a)                         (b) 
Fig. 1  (a) TEM image and (b) size distribution of 5 nm 


















Fig. 2  Grain size versus density for BT ceramics 
sintered by two-step sintering and by normal 
sintering. 
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image of the 8 nm sample, which is free of impurity 
phase and the grain boundary is about 0.4 nm thick. 
This grain boundary thickness is roughly equal to the 
latice constant of BT and is much smaler than the 
data for BT nanoceramics in the literature. Recently, 
using 3–5 nm nanopowders of BT (by solvothermal 
synthesis) mentioned above, aided by cold isotropic 
pressing (CIP) with an ultrahigh pressure (6 GPa), we 
obtained dense BT nanoceramic with a grain size of 
5 nm again by TSS (Figs. 3(b) and 3(c), the later is an 
aberration-corected HRTEM (AC-HRTEM) image) 
[56], which is the finest BT ceramic ever obtained. 
Employing the two-step sintering strategy without 
applying a high pressure during CIP, a series of high- 
density bulk BT ceramic samples with grain size 
ranging from micrometer to 30 nm scale have also 
been prepared [5658]. Table 1 lists some of the 
successful two-step sintering experiments (BaTiO3-1–    
BaTiO3-18) using 10 nm, 30 nm and 100 nm BT 
powders. These experiments al achieved high density 
(≥ 96%) without grain growth in the second step. 
Larger grained samples were also obtained by 
increasing T2 to alow some grain growth (BaTiO3-19: 
GS = 4.32 m and BaTiO3-20: GS = 8.61 m, in Table 
1). Together, these ceramics provided a set of samples 
for the systematic investigation of the size efect on 
tetragonal distortion, phase transition, Curie temperature 
and dielectric properties to be described later. 
2. 2  (1−x)BiScO3−xPbTiO3 
A citrate sol–gel method was utilized to synthesize 
BSPT nanopowders with a near MPB composition (x = 
0.6350.64) and grain size of 610 nm [24,25]. 
Optimum parameters of two-step sintering were 
investigated using the data summarized in Table 2 and 
Fig. 4 [24]. The wedge shape region of the T2 window 
for successful sintering in Fig. 4 resembles that for 
Y2O3 and BaTiO3 (see our previous publications 
[47,51]), suggesting similar thermodynamics and 
kinetics underlying two-step sintering in diferent 
ceramics. Using these conditions, highly dense MPB 
BSPT ceramics with homogeneous fine grains as smal 
as 200 nm can be obtained at 800 ℃ without sintering 
aid [24,25].  
Ceramics of much finer grain size can also be 
obtained from nanopowders by introducing additional 
Table 1   Two-step sintering results of BT ceramics (initial powder sizes of 10 nm, 30 nm and 100 nm) 
After 1st-step sintering After 2nd-step sintering Sample 0 (%) T1 (℃) t1 (h) 1 (%) GS1 (nm) T2 (℃) t2 (h) 2 (%) GS2 (nm) 
BaTiO3-1*  61   950  0  86    33   900   2  98.0 35 
BaTiO3-2*  46   980  0  78    68   900   4  97.0 70 
BaTiO3-3**  46  1100  0  73   148   900  20  96.2  150 
BaTiO3-4**  46  1100  0  73   148   950  20  97.1  150 
BaTiO3-5**  46  1150  0  78   200   900  20  96.3  200 
BaTiO3-6** 46  1150  0  78    200  1000  20  97.2   200  
BaTiO3-7**  46  1180  0  83   296   950  20  97.0  300 
BaTiO3-8** 46  1180  0  83    296  1000  20  97.2   300  
BaTiO3-9**  46  1200  0  87   495   850  20  96.0  500 
BaTiO3-10**  46  1200  0  87   595   900  20  96.3  500 
BaTiO3-11** 46  1200  0  87    495  1000  10  97.2   500  
BaTiO3-12** 46  1200  0  87    495  1100  10  97.0   500  
BaTiO3-13**  46  1230  0  90   795   850  20  97.5  800 
BaTiO3-14** 46  1230  0  90    795  1000  20  98.0   800  
BaTiO3-15***  48  1310  0  88   990   800  24  96.4  990 
BaTiO3-16***  48  1310  0  88   990   850  24  96.4  1020 
BaTiO3-17***  48   1340   0   90   1950    900  24  98.0   1970  
BaTiO3-18***  48   1340   0   90   1950    950  24  97.4   2210  
BaTiO3-19*** 48  1340  0   90   1950   1050  24  96.8   4320  
BaTiO3-20*** 48  1340  0   90   1950   1100  24  96.5   8610  
*Initial powder size of 10 nm; ** initial powder size of 30 nm; *** initial powder size of 100 nm. 
Fig. 4  Kinetic window for reaching ful density without 
grain growth for BSPT ceramics. Solid symbols present 
successful sintering conditions, and open symbols 
indicate those that cannot reach high density (below the 
lower boundary) or cause uncontroled grain growth 
(above the upper boundary). 
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practice of high-pressure consolidation during forming 
or spark plasma sintering (SPS). Due to their extremely 
large specific surface area, BSPT nanopowders are 
rather sensitive to sintering temperature and holding 
time, and volatile additives such as Pb and Bi cannot 
be used since they tend to cause rapid grain growth. 
BSPT ceramics of 80 nm grain size were already 
obtained by Algueró et al. [59] using SPS, and by SPS 
Amorín et al. [60] further reduced the average grain 
size to 28 nm. However, possibly due to the activation 
of particle surface and the high ion mobility during the 
SPS process, the grain size of BSPT ceramics is 
apparently very sensitive to the sintering temperature 
and mechanical pressure, thus dificult to control. 
Combining SPS and two-step sintering methods, we 
obtained BSPT samples with an average grain size 
ranging from 23 nm to 70 nm [61]. Moreover, adopting 
a practice previously used for preparing 5–8 nm BT 
ceramics [55,56], we held BSPT nanopowders at 
~5.5 GPa for 15 min at room temperature to enable 
plastic deformation, which alows a green body with a 
relative density of about 83% to form [62], then used 
two-step sintering (conditions in Table 3) to obtain 
ceramics with a grain size as smal as 11 nm. This is 
the finest BSPT ceramics ever reported. 
TEM micrographs of these BSPT nanoceramics are 
shown in Fig. 5. The grain size of sample S1 (6–10 nm) 
lies in the same range of particle size of the starting 
nanopowders. The influence of T1 is clearly important 
by comparing samples S1 and S4, which used the same 
T2 and very similar holding time but diferent T1, 
resulting in a three-fold grain size diference. However, 
a long holding time at the same T2 can also cause grain 
growth, as evident from comparing samples S5 and S6, 
which used identical T1 and T2 but diferent holding 
time. In general, with the increase of the sintering 
temperature, the grain size distribution becomes wider. 
Table 2  Parameters of two-step sintering for BSPT 
ceramics 
Sintering method Sample T1 (℃) T2 (℃) t (h) 
Relative  
density (%) GS (nm)
A  930   8 71.8   350  
B  960  800 8 89.0  390  
C1 750  8 96.1  400  
C2 800  8 98.8  400  
C3 850  8 95.8  400  
C4 
1000 
900  8 98.0   600  
D  1020  800  8 97.9   470  
E1 800  8 98.1  497  
E2 850  8 98.5  497
E3 900  8 97.4  750
E4 
1050 
950  8 95.5   795  
      
Table 3  Two-step sintering schedules using BSPT 
green body of 83% relative density 
Sample T1 (℃) T2 (℃) t (h) 2 (%) GS (nm) 
S1 850  700  31  95.6   11  
S2 900  700  24  96.6   21  
S3 900  750  24  96.4   25  
S4 950  700  24  95.7   33  
S5 900  800  12  96.8   60  
S6 900  800  24  95.9   80  
S7 950  800  12  97.7  114  
Fig. 5   TEM images of BSPT nanoceramics with grain sizes of (a) 11 nm (inset AC-HRTEM), (b) 21 nm, (c) 33 nm, (d) 
60 nm, (e) 80 nm and (f) 114 nm. 
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Note that although samples S1 and S2 seem to have 
thick grain boundaries in Figs. 5(a) and 5(b), this is an 
imaging artifact since HRTEM imaging shown in the 
inset of Fig. 5(a) clearly reveals a dense and sharp 
grain boundary region. Such artifact is usualy 
unimportant for imaging grains above 30 nm, as in 
sample S3, Fig. 5(c), in which the grain boundary 
region seems quite thin and comparable with the 
morphology usualy observed in BSPT ceramics with 
micrometer-sized grains.   
3   Microstructures and properties of nano 
BaTiO3 ceramics 
3. 1   Microstructures and structural transitions  
3. 1. 1   Raman spectra  
Raman spectroscopy can provide a very sensitive 
measurement of the local crystal symmetry in powders, 
polycrystals and single crystals, such as PbTiO3 and 
BaTiO3 [6365]. In the folowing, we describe our 
observations of Raman spectroscopy of BT powders 
and nanoceramics obtained using a confocal 
microscopic Raman spectrometer (RM2000, Renishaw, 
UK). To provide a reference, Raman spectra of a 
ceramic sample with GS = 3 m were first colected. 
As shown in Fig. 6(a), in the temperature range of 
190–500 ℃, such spectra feature distinct C/T/O/R 
dielectric transitions.  
Concerning the above spectra,  while symmetry-     
characteristic spectra (e.g., 200 ℃ for the C phase, 
100 ℃ for the T phase, 0 ℃ for the O phase and 
150 ℃ for the R phase) might be designated, the 
sensitivity of BT Raman spectra to both optical and 
microstructural details (e.g., polarization, mode–mode 
interference,  orientation, single-domain  vs.  multi-      
domain vs. polycrystal) demands a more cautious 
interpretation. It is known that the 310 cm1 (sharp) 
and 715 cm1 bands are forbidden in the C symmetry, 
the peak position of the 240–270 cm1 broad band 
discontinuously drops during the T/O transition, and 
the sharp multi-peak at 170–190 cm1 band is an R 
characteristic, although in both O and T symmetries it 
stil manifests as a weak, difuse feature. Judging from 
the gradual nature of changes in the Raman spectra, 
this may also apply to other transitions suggesting the 
coexistence of diferent symmetries over a broad range 
of temperatures at least at the local structure level. 
Such ambiguity defying the use of simple  
symmetry-dictated selection rules is not unique to 
BaTiO3; a more extreme case is nominaly cubic ZrO2 
(stabilized by cations causing oxygen vacancies), 
which is wel-known to have Raman bands that are 
forbidden in the cubic fluorite structure [66]. (This is 
possible because cubic ZrO2 actualy has a 
non-fluorite-like seven-fold-coordinated local structure, 
as clearly revealed by extended X-ray absorption fine 
structure (EXAFS) spectroscopy [67–69], but these 
seven-fold-coordinated units are so arranged as to yield 
a set of cubic-fluorite-like difraction planes that are 
suficiently flat when viewed on the longer length scale 
by the difracting radiation. This interpretation is 
perhaps also appropriate for lower-symmetry phases of 
BaTiO3.)  
The above information alowed us to definitely 
identify, in the BT ceramic sample of GS = 50 nm (Fig. 
6(b)), R symmetry at 190–150 ℃ (double-peak at 
170–190 cm1) and T/O transition at 50–100 ℃ 
(discontinuous shift of 240–270 cm1), which are 
suficient to establish the existence of al three (T/O/R) 
symmetries. Note that the nominaly “C” spectrum at 
200 ℃ stil has weak features at 310 cm1 and 
715 cm1 indicating T remnants. Therefore, the C/T 
transition is rather difuse in the polycrystal. Figures 
6(c) and 6(d) show the Raman spectra of two other 
dense BT ceramics, with GS = 8 nm and  5 nm, 
respectively; the spectra of 5 nm nanopowders are also 
shown in Fig. 6(e). Al featured peaks and their 
temperature evolutions seen in the Raman spectra of 
coarse-grain ceramics mentioned above are seen in 
these spectra. Furthermore, the nominaly “C” 
spectrum at 290 ℃ stil has weak features at 310 cm1 
and 715 cm1, indicating that the T remnants can 
survive above the Curie temperature, 290 ℃. This 
suggests that al polar phases in coarse-grain ceramics 
stil exist in nanoceramics and nanopowders, at least 
down to a size of 5 nm, and that they should al 
undergo ROTC phase transitions as the 
temperature rises [70,71]. In particular, the 
spectroscopy behavior of 5 nm powders and 5 nm 
dense ceramics is similar, as is the behavior of an 8 nm 
BT ceramic reported in our previous study [16].  
3. 1. 2   High-resolution synchrotron X-ray difraction  
Quantitative phase analysis of nanograin BT ceramics 
is hampered by the size broadening of diffraction 
peaks when using conventional diffraction techniques. 
Therefore, we performed high-resolution synchrotron 
X-ray diffraction to study the phase evolution and 
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coexistence of these ceramics (5–100 nm and 
150–450 K) [72]. Our results indicate that, as 
temperature rises, nanograin BT stil folows the same 
phase sequence, but the phase boundaries become 
more diffusive and more than one phase may coexist 
between 200 K and 450 K. The diffraction paterns 
were colected at APS 11-BMB, Argonne National 
Laboratory, with a resolution < 2×104 Q/Q. The 
temperature was controled within 1 K. Al the 
difraction data were analyzed through Rietveld 
refinement using the General Structure Analysis 
System (GSAS) software package [73], including the 
latice  parameters,  atomic  positions,  thermal  
parameters and the fractions of R, O, T and C phases. 
For the BT ceramic of GS = 50 nm, although there is 
no peak spliting in the difraction paterns (inset in Fig. 
7), the non-monotonic temperature dependence of the 
difraction peak width Q reveals underlying phase 
transitions (erors in Fig. 7 are much smaler than the 
size of the symbols and the width of the difraction 
curves). Specificaly, since peak spliting in single 
crystal is most pronounced at the (200) reflection in the 
(high-temperature) T phase but most pronounced at the 
(220) reflection in the (low-temperature) R phase [74], 
it is unlikely to be a mere coincidence that the same 
trend is observed in Fig. 7 in the temperature variation 
of Q of the “unsplit” (200) reflections and (220) 
reflections. If instead we take Q as being caused by 
the combined efect of peak spliting and phase mixing, 
we can analyze the Q data to obtain the phase 
fractions; this is shown as a function of temperature in 
Fig. 8. Quite similar results were also obtained for a 
Fig. 7  Synchrotron X-ray structure analysis of 



















Fig. 6  Raman spectra of BaTiO3: (a) 3 m ceramic used as reference, (b) 50 nm ceramic, (c) 8 nm ceramic, (d) 5 nm ceramic 
and (e) 5 nm powders. Al are shown as a function of temperature from 190 ℃ to 500 ℃. 
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ceramic of GS = 80 nm. 
A paralel study of BT nanopowders was also 
performed using the same diffraction method. Table 4 
gives the phase fractions of BT nanopowders with 
particle size 5–100 nm at various temperatures. Except 
for the R phase at 150 K, al other diffraction paterns 
must be fit with two or three phases, R+O, R+O+T, 
O+T and O+T+C, in the sequence of increasing 
temperature. Compared to coarse-grain ceramics and 
coarse powders, the temperature range of R, O, T and 
C phases are al extended, resulting in phase 
coexistence over a wide temperature range. This trend 
is consistent with the observation in nanograin 
ceramics. In particular, with decreasing particle size or 
grain size, the temperature of the C to T transition 
decreases, while the temperatures of the R to O and O 
to T transitions increase. Meanwhile, although the 
phase boundaries become diffuse in Fig. 9, even the 
smalest sized BT powders are stil ferroelectric over a 
wide temperature range, making them potentialy 
suitable  for  practical,  ferroelectricity-related  
applications. 
Nano BT powders and ceramics with very smal  
sizes and very large surface areas are likely to have a 
large number of defects on the surface and grain 
boundaries, which may give rise to compressive 
stresses. These internal stresses may alter relative 
phase stability in a complicated manner [18,75], 
causing shift of phase boundary, difuse transition and 
phase coexistence. (Long-range shear stresses have 
also been speculated in the literature, although they are 
unlikely since they can be easily relaxed by grain 
boundary dislocations and related defect constructs.) In 
addition, there seems to be some evidence that the 
evolution may not be monotonic, with possible phase 
reentrance as shown in Fig. 10 for 20 nm BT powders, 
suggesting that very smal BT powders may sustain 
ferroelectricity after al. Further experimental studies 
(which may be chalenging) to place these theoretical 
hypotheses and initial observations on a firmer footing 
are needed to reach a beter understanding of 
ferroelectricity in a nanograin/nanopowder seting.  
3. 2   Size efect on ceramic properties  
3. 2. 1   Dielectric and ferroelectric properties 
In the coarse-grain regime, relative dielectric constant 
K has a wel-known maximum at GS  1 m [9], below 
which K decreases since there is no domain wal 
movement. Whether nanograin BT can provide an 
elevated K has been repeatedly questioned in the 
literature, but no reliable data over a large range of 
grain size exist in the past. Using high-purity two-step 
sintered ceramic samples with grain size from 
nanometer to micrometer, we have investigated this 
subject. To remove the influence of moisture, which is 
especialy pronounced at smal grain size, dielectric 
measurements reported below were al performed in 
vacuum after the samples were first baked in situ. 
Table 4   Phase fractions of nano BaTiO3 powders as functions of particle size and temperature (unit: %) 
Tempertature Particle size 150 K  200 K  250 K 300 K  350 K  400 K 450 K 



































































































Fig. 8  Phase analysis of nanograin BaTiO3 ceramics 
(GS = 50 nm and 80 nm). 
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As shown in Fig. 11, al the temperature spectra of K 
show a discernible C to T phase transition. In 
comparison, the low-temperature transitions are much 
weaker and broader. At smaler grain size, they appear 
as difuse humps on a positively sloping background 
that in part is the low-temperature tail of the C/T 
transition. We identify the transition temperatures at 
the minimal d2K/dT2, since this procedure largely 
removes the distortion caused by the sloping 
background (its d2K/dT2  0). As shown in Fig. 12, over 
the grain size range of 50–800 nm, the transition 
temperatures determined show a steady decrease with 
grain size of about 12 ℃ for the C/T transition, in 
contrast to a steady increase of a similar amount for the 
T/O transition and about 20 ℃ for the O/R transition. 
The temperature for the C/T transition of the 50 nm 
sample (115 ℃) agrees with that reported for an SPS 
BT of nominaly the same grain size [76]. Meanwhile, 
although the T/O/R transitions have not been reported 
before for GS < 300 nm, the trend of increasing 
transition temperature with smaler grain size is the 
same as seen in coarse-grain BT (1.1–53 m) [77]. 
Moreover, identical temperature spectra of relative 
dielectric constant with C/T/O/R transitions in cooling 
and heating were observed (not shown), indicating the 
behavior is rather robust. Therefore, although for 
smaler grain size (down to 50 nm) al transitions are 
very broad indeed, nanograin ceramics stil have 
structural distortions folowing similar trends as those 
of coarse-grain ceramics. 
Fig. 9   Phase fraction evolutions of BaTiO3 powders as a function of temperature with particles sizes of (a) 5 nm, (b) 
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Fig. 10  c/a ratio of tetragonal phase BaTiO3 powders as a 
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At the smalest grain size limit investigated in this 
study, the 8 nm ceramic does show excelent dielectric 
properties with three discernible peaks (arrows in Fig. 
13) corresponding to the three phase transitions. These 
peaks are obviously more difuse than in the GS = 150 
nm sample (Fig. 11), but interestingly their frequency 
dependence is very weak below TC and nonexistent 
above TC. So the difuseness cannot be atributed to a 
broad distribution of polarization relaxation time, i.e., 
it is not a relaxor. The smal dielectric loss (typicaly < 
2%) is consistent with the high resistivity (7.8×    
1011 ·cm) and the dense, single-phase microstructure 
revealed by the TEM micrograph (Fig. 3(a)). On the 
other hand, despite the robust dielectric properties, the 
switchable polarization measured by integrating the 
depolarization current after poling (under 0.1 MV/m 
during cooling from 500 K to 77 K) is very smal    
in the GS = 8 nm sample (Fig. 14), indicating its 
ferroelectricity  is  severely  clamped,  making  
temperature-dependent spontaneous depolarization 
dificult.  
The technological driving force toward nanograin 

































Fig. 13  Dielectric spectra of 8 nm BT ceramic at 
diferent frequencies (TC = 118 ℃). 
MLCC ceramics comes from not only component 
miniaturization but also performance. The figure of 
merit of a capacitor may be defined as the capacitance 
per unit volume, scaled with K/t2, where t is the layer 
thickness of the capacitor. In very thin capacitors, 
dielectric breakdown is a concern, so the stored charge 
per unit volume at the breakdown electrical field Eb, 
KEb/t, may be taken as an alternative figure of merit. 
Either measure demands thinner layers, but thinner 
layers must have a correspondingly smaler ceramic 
grain size (GS = d) to ensure reliable properties and 
smooth layer interfaces. Typicaly t/d = 6–10. Therefore, 
the figure of merit scales with K/d since Eb and t/d are 
nearly constant. As described above, undoped BT 
ceramic of GS = 8 nm displays a robust K–temperature 
performance, with a very low dielectric loss and clear 
evidence of multiple dielectric/ferroelectric transitions. 
This nanograin ceramic exhibits a higher figure of 
merit at 25 ℃ than the state-of-the-art MLCC ceramics 
featuring GS = 100 nm (Fig. 15). Such reassuring 
results encourage the continuing march of the MLCC 
development down the road of nanograin ceramics.  




















  8 nm
 
Fig. 11  Temperature spectra of dielectric constant for BT 
ceramics during cooling. 
















Fig. 12  Temperatures of C/T, T/O and O/R transitions 
versus grain size. 
Fig. 14  Grain size efect on switchable polarization of BT 
ceramics. Inset: depolarization current with peaks at 
transition temperatures. 
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3. 2. 2   Piezoelectric properties  
BT-based ceramics have been known to show modest 
piezoelectric activity, with a piezoelectric coeficient 
(d33) of about 190 pC/N, much less than that of 
commercial PZT ceramics [78]. Recently, high d33 
values (338 pC/N, 460 pC/N and 500 pC/N) have been 
obtained in BT ceramics at GS = 0.94 m, 1.6 m and 
1 m, respectively [79 81]. This is believed to be 
related to the domains in the ceramics. In addition, it is 
known that d33 values decrease from 420 pC/N to 
185 pC/N  when the average grain size increases from 
7 m to 19 m, while the average domain width 
remains approximately constant at around 480 nm [82]. 
Therefore, the piezoelectric properties of BT can be 
enhanced by controling grain size and the 
corresponding domain structure. Since there is litle 
information about the grain size dependence of 
piezoelectric properties and domain structures in BT 
ceramics at grain size below 700 nm, we have 
undertaken the folowing study using a similar series 
of dense BT ceramics as those described above for 
dielectric properties [57]. 
Table 5 lists the relative density (0), average grain 
size, macroscopic d33 and K of various BT ceramics 
studied. The grain size dependence of d33 is shown in 
Fig. 16, which confirms that d33 is enhanced by a 
decreasing grain size, but the maximum d33 (519 pC/N) 
is reached at around 1 m below which it rapidly drops 
with a further decrease in grain size. The d33 values 
from previous studies [7984] are also ploted in Fig. 
16 for comparison; unlike our data they failed to give a 
clear indication of the d33 maximum because their 
smalest grain size was limited to about 1 m. Thus, 
using the TSS technology to obtain finer-grain BT 
ceramics, we have firmly established the range of 
optimal grain size for d33: d33 = 400519 pC/N at 
GS = 5001000 nm—the value of 519 pC/N being 
superior to al those reported in prior studies.  
It is known that the piezoelectric properties of 
ceramics may have an extrinsic contribution due to the 
motion of ferroelectric domain wals [85,86]. Using 
computer simulation, Ahluwalia et al. [87] investigated 
a model ferroelectric and showed that the piezoelectric 
coeficient is enhanced by reducing the domain size. 
Supporting experimental evidence was observed by 
Wada et al. [88] in BT single crystals and by Takahashi 
et al. [89] in microwave-sintered BT ceramics, 
correlating superior piezoelectric properties to smal 
domain sizes. To investigate the grain size efect on d33, 
we examined the domain configurations of BT 
ceramics as a function of grain size using TEM [57]. 
The domain width (dw) is found to increase with grain 
size as shown in Fig. 17, and some examples of 
domain structures are shown in Fig. 18 covering the 
Fig. 15  Relative dielectric constant K and figure of merit 
(K/d) of BT ceramics of diferent grain size (GS = d). 















 K300K/d  KTc 
K300K 
Fig. 16 d33 dependence on grain size of BT ceramics 
(CS, MS and TSS are abbreviations of conventional 
sintering, microwave sintering and two-step sintering, 
respectively). 












Table 5  Relative density, average grain size, 
piezoelectric coefficient d33 and dielectric constant K for various BaTiO3 ceramics prepared by TSS, using T1 and T2 (for t2) schedules 
T1 (℃) T2 (℃) t2 (h) 0 (%) GS (m) K  d33 (pC/N)
1250   800  24 95.4 0.29  3660   120  
1250   850  24 95.7 0.34  3883   126  
1250   900  24 96.4 0.36  4133   137  
1250   950  24 96.6 0.43  4207   105  
1250  1000  24 96.8 0.50  4794   207  
1280   800  24 96.6 0.56  4839   397  
1280   850  24 96.9 0.59  5034   407  
1280   900  24 96.7 0.62  5126   403  
1280   950  24 97.1 0.79  5144   401  
1280  1000  24 96.5 0.87  5284   446  
1310   800  24 96.4 0.99  6079   498  
1310   850  24 96.4 1.02  6487   519  
1310   900  24 96.8 1.19  5366   486  
1310   950  24 98.9 1.28  5018   453  
1310  1000  24 98.6 1.34  4860   383  
1340   900  24 98.0 1.97  4072   348  
1340   950  24 97.4 2.21  3733   344  
1340  1000  24 96.9 3.64  2137   188  
1340  1050  24 96.8 4.32  1834   180  
1340  1100  24 96.5 8.61  1650   168  
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grain size range from 8 nm to 2 m. Remarkably, 
nanodomains with size of several to 10 nm are stil 
observed in BT ceramics of the finest grain size, of 
8 nm. Moreover, using high-sensitivity piezoresponse 
force microscopy as a local probe (SPI 4000/    
SPA300HV, Seiko, Japan, operated at 2 V AC root-    
mean-square voltage at 5 kHz, in addition to a DC bias 
of 10 V) [16], we observed polarization switching 
and piezoelectricity in BT nanoceramics at room 
temperature. Apparently, even with the finest grain size 
(5 nm), the very high local field near the tip of an 
atomic force microscope (AFM) can induce 
ferroelectric hysteresis loops such as those shown in 
Fig. 19. However, the requisite high field (to overcome 
the coercive field) when GS < 1 m proves inaccessible 
in bulk ceramics making bulk ferroelectricity and 
piezoelectricity impossible to manifest.  
When GS > 1 m, it is a common observation that 
the 90° domain width decreases with decreasing grain 
size. The finer domain width means a larger 
contribution of domain wal movement to the 
piezoelectric response, which is favorable for 
improved piezoelectric properties [90]. On the other 
hand, when GS < 1 m, the domain density actualy 
deceases due to the increasing volume fraction of 
interfaces themselves (domain wals and grain 
boundaries) and the emergence of monodomains, 
which coincides with the decrease of d33 with 
decreasing grain size. Moreover, in nanograin ceramics, 
internal stresses are likely to be another reason that 
Fig. 18   TEM micrographs of domain structures of BT ceramics: (a) 8 nm, (b) 20 nm, (c) 50 nm, (d) 100 nm, (e) 290 
nm, (f) 360 nm, (g) 990 nm and (h) 1970 nm. 
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Fig. 19   Typical piezoelectric loops of dense BT ceramics of various grain sizes: (a) 5 nm, (b) 8 nm and (c) 50 nm. 
        (a) 5 nm                          (b) 8 nm                            (c) 50 nm 
Fig. 17  Domain size dependence of BT ceramics with 
diferent grain size. A two-segment curve fit is also shown 
along with the fiting parameters. 
y=110.35x1.4317.59 
y=167.35x0.56562.35 
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may cause clamping of domains and domain wals. 
Two-step sintering is nevertheless advantageous since 
it alows a very precise control of the grain size with 
excelent size uniformity. This wil in turn alow beter 
optimization of piezoelectric response of BT ceramics, 
which is of considerable interest because BT is 
lead-free.  
4   Microstructures and properties of nano 
(1x)BiScO3xPbTiO3 ceramics 
4. 1   Microstructures 
As described in Section 2.2, dense BSPT ceramics 
with an average grain size from 1 m to 11 nm have 
been prepared by two-step sintering. Figure 20 shows 
the X-ray difraction (XRD) paterns of BSPT 
ceramics with MPB composition at room temperature. 
For GS > 60 nm, peak spliting is obvious [31]. 
Although this is not seen in finer-grain samples 
because of peak broadening, asymmetry is evident 
indicating a similar tetragonal distortion stil exists in 
al the samples.  
High-resolution synchrotron XRD from 25 ℃ to 
500 ℃ was also obtained for BSPT ceramics with 
grain size from 11 nm to 114 nm. Various structural 
models were used to fit the data. For example, one can 
model the XRD of nanograin BSPT by leting it 
contain a paraelectric cubic phase (perhaps in the grain 
boundary region) in addition to a tetragonal phase: as 
the grain size reduces, the volume fraction of the grain 
boundary region and hence the cubic phase increase. 
The refinement results based on different structural 
models for the 11 nm BSPT sample are listed in Table 
6. According to the agreement factors Rwp and GOF, 
the T+M (T for tetragonal and M for monoclinic) 
phase model was beter than the T+R (R for 
rhombohedral) phase model, and the addition of the 
cubic (C) phase also improved the refinement, with the 
c/a ratio of tetragonal distortion slightly increased after 
the addition [91]. Therefore, the synchrotron data 
Table 6  Comparison of refined crystalographic 
data and agreement factors for BSPT nanoceramics 
with GS = 11 nm at T = 300 K  











T+R  55/45 c = 4.0472a = 4.0154
a = 4.0252 
 = 89.94 —  3.61 9.48
T+R+C 33/28/39c = 4.0645a = 4.0056
a = 4.0273 
 = 89.99 a = 4.02761 2.89 6.11
T+M 53/47 c = 4.0434a = 4.0168
a = 5.6865 
b = 5.6459 
c = 4.0777 
 = 89.94 
—  2.56 4.81
T+M+C 28/42/30c = 4.0524a = 4.0121
a = 5.6927 
b = 5.6426 
c = 4.0803 
 = 89.96 





a = 5.6592 
b = 5.6589 
c = 4.0589 
 = 89.673 
—  7.87 3.38
T: P4mm; R: R3m; M: Cm; C: Pm3m. For comparison, the results 
for a coarse-grain ceramic with GS = 1.5 m are also listed.
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confirmed the existence of the tetragonal phase, and 
very likely it coexists with the monoclinic phase. This 
is similar to the case of Pb(Zr,Ti)O3 (PZT) and 
Pb(Mg,Nb)O3–PbTiO3 (PMN–PT), two wel-known 
ferroelectric  ceramics  near  their  respective  
morphotropic phase boundaries, which also comprise T 
and M phases [92]. The structure parameters of the 
coarse-grain ceramics (GS = 1.5 m) were also refined 
and are presented in Table 6, which are consistent with 
the literature values [93,94]. Comparing these results, 
it is seen that the tetragonal distortion (c/a-1) of BSPT 
is significantly reduced in nanograin ceramics. 
Figure 21 shows the temperature dependence of the 
phase fraction of BSPT ceramics with diferent grain 
size according to the synchrotron XRD. At GS < 33 nm, 
the T, M and C phases coexist throughout the range of 
temperature studied (25–500 ℃). In particular, the 
ferroelectric T phase persists at 500 ℃, above the 
Curie temperature 450 ℃, in both 11 nm and 21 nm 
ceramics. In contrast, when GS = 114 nm, T and M 
phases disappear at 450 ℃, giving way to the cubic 
phase at higher temperatures.  
4. 2   Size efect on ceramic properties 
4. 2. 1   Dielectric properties 
Dielectric properties of BSPT ceramics have not been 
widely reported especialy regarding their grain size 
dependence in the nanoscale. Figure 22 shows the 
temperature spectra of dielectric constant and loss at 
100 kHz of BSPT ceramics with MPB composition at 
grain size ranging from 11 nm to 1.5 m. The 
dielectric anomaly associated with the ferroelectric 
transition is clearly observed in al the samples, but it 
is also severely flatened and broadened at smaler 
grain size despite the fact that the Curie temperature 
remains almost unchanged, at TC  437 ℃. 
4. 2. 2   Ferroelectric properties 
Polarization–electric field (P–E) hysteresis loops of 
coarse-grain (0.5 m and 1.5 m) BSPT ceramics (at 
the MPB composition) have a classic shape of square 
loops that are nearly saturated at large fields (Fig. 
23(a)). When the grain size reduces to less than 
100 nm, however, polarization loops become much 
narrower and rounded indicating suppression of 
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polarization switching. Similar results were observed 
in BSPT ceramics of a comparable composition 
prepared by SPS, reported by Amorín et al. [60], as 
shown in Fig. 23(b). Although polarization saturation 
is evident in Fig. 23(b) at large fields showing a 
monotonicaly decreasing saturation polarization as 
grain size decreases to 28 nm, no saturation is apparent 
even at 60 kV/cm in finer-grain ceramics (e.g., 
GS = 11 nm) according to our data (Fig. 23(c)). This 
sequence of progressive clamping of polarization 
switching is also apparent in Fig. 23(d) for the same 
ceramic but at GS = 114 nm, which shows some 
evidence of polarization saturation albeit at a relatively 
smal polarization. Such clamping may be atributed to 
the increasing fraction of dielectricaly inactive 
(nonpolar) grain boundaries in nanograin ceramics. 
Fig. 23  (a) Grain size efect on the hysteresis loops of BSPT ceramics obtained by two-step sintering method; (b) the same as 
(a) according to Ref. [60]; (c) and (d) hysteresis loops at increasing fields of BSPT ceramics with GS = 11 nm and 114 nm, 
respectively. 
Electric field (kV/cm) Electric field (kV/cm) 























                       (a)                                                    (b) 
Fig. 22   Grain size efect on dielectric properties of BSPT ceramics: (a) temperature spectra of dielectric constant with grain size 
ranging from nanometer to micrometer; (b) the same as (a) for nanograin ceramics, along with their dielectric loss. 
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Since the applied voltage is mostly spent in the 
nonpolar region, the effective field available for 
polarization switching in the polar region is greatly 
reduced; i.e., it may be explained by the “dead layer” 
efect. (The interpretation in the literature [60] in terms 
of “exceptionaly high resistivity” of the grain 
boundaries with the smalest grain size, thus resulting 
in screening of the “electric field within the grains” is 
obviously incorect for a set of capacitors.) In addition, 
the domain wals are likely to be pinned by grain 
boundaries and defects, thus “frozen” at finer grain 
size [13]. Therefore, bulk polarization switching is 
difficult in nanograin ceramics even though local 
switching under a much higher field is stil possible. 
4. 2. 3   Piezoelectric properties 
The piezoelectric coefficient (d33) of MPB BSPT 
ceramics obtained by TSS also manifests a peak 
(700 pC/N) at an intermediate grain size around 1.5 m 
as shown in Fig. 24 [25]. This value is much higher 
than that of coarse-grain BSPT ceramics (450 pC/N) 
prepared  by  conventional  sintering  methods.  
Importantly, over a relatively wide range of 
sub-micrometer grain size of 200–1000 nm, d33 can 
maintain a very high value (above 520 pC/N), which 
seems to suggest that nanosized domains may 
contribute to enhanced piezoelectricity [8789]. 
Piezoresponse force micrographs of these ceramics did 
reveal a fine domain structure probably composed of 
90° domains of 60–70 nm in width [25]. Therefore, 
their superior piezoelectric properties could be a result 
of both the MPB composition (x = 0.635) and the smal 
domain size. However, when the grain size further 
reduces to the nano-scale (less than 100 nm), the 
piezoelectricity once again decreases rapidly just like 
the dielectric constant, indicating the same physical 
mechanism that causes clamping of ferroelectricity in 
bulk nanograin ceramics is at play here as wel. This is 
the case at least under the electric field strength 
(40 kV/cm) used in this study. 
Local piezoresponse measurements of BSPT 
ceramics similar to those of BT ceramics were carried 
out by scanning probe microscopy (SPM) with a 
conductive Rh coated Si cantilever (bias voltage V 
from 100 V to 100 V over a smal AC excitation of 
5 kHz). Typical buterfly-shaped displacement–voltage 
(ZV) loops from such measurements are shown in Fig. 
25 (blue curves). The effective piezoelectric coefficient 
d*33 can be estimated from the slope of the curve, 
exhibiting piezoelectric hysteresis (red curves in Fig. 
25). Such measurements confirmed that BSPT 
nanoceramics (GS = 11 nm) is feroelectric under a 
high local field [91]. The effective local piezoelectric 
coeficient d*33 was 292.9±29.8 pm/V, smaler than that 
of coarse-grain BSPT ceramics but much larger than 
the macroscopic d33 in Fig. 24. The later difference is 
due to the very different electric fields in the two 
experiments: the SPM electric field is very high but 
confined in a smal  region of a dimension 
commensurate with the tip radius of the cantilever tip, 
wherein substantial switching of nanodomains and a 
strong piezoelectric response are possible; such high 
field cannot be reached in bulk ceramics because of 
dielectric breakdown. 
5  Summary and outlook 
Highly dense undoped BaTiO3 and (Bi,Pb)(Sc,Ti)O3 
ceramics with average grain size from several 
micrometers down to 5–10 nm have been successfuly 
prepared by the two-step sintering method, some with 
additional modifications to aid densification. A 
pronounced and ubiquitous size efect on the 
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microstructure and ferroelectric properties (including 
piezoelectric properties and dielectric anomaly) 
occuring at GS  1 m and smaler has been 
established based on the evidence of XRD, HRTEM, 
AFM, SPM, dielectric constant (K), piezoelectric 
coeficient (d33) and PE or displacementvoltage 
hysteresis. Although feroelectricity and domain 
switching are substantialy suppressed in nanograin 
ceramics in bulk samples, a strong local field such as 
that present under the conducting tip of an atomic force 
microscope or piezoresponse force microscope can 
induce local domain switching manifesting robust 
ferroelectricity and piezoelectricity even at a grain size 
of 510 nm. Meanwhile, a flatened but somewhat 
extended dielectric and piezoelectric anomaly 
maintaining high responsivity values (K, d33) relatively 
close to their peak values is also seen at sub-1000 nm 
grain size. Importantly, this enables nanograin 
ceramics to exhibit a higher figure of merit at 25 ℃ 
than the state-of-the-art MLCC ceramics featuring 
GS = 100 nm. Moreover,  the  confirmation  of  
ferroelectricity at GS = 510 nm avails the possibility 
of  unlocking  versatile  feroelectricity-enabled 
properties provided ingenious means to relieve 
grain-size-related internal stresses/fields can be 
constructed. In this way, the fundamental studies 
reviewed here, made possible by nanograin ceramics 
obtained by two-step sintering, have provided the 
essential insight and a most valuable outlook to guide 
current and future MLCC technology as wel as the 
further development of advanced ferroelectric and 
piezoelectric devices.  
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